[1] A near real-time system for assimilation and forecasts of aerosols, greenhouse and trace gases, extending the ECMWF Integrated Forecasting System (IFS), has been developed in the framework of the Global and regional Earth-system Monitoring using Satellite and in-situ data (GEMS) project. The GEMS aerosol modeling system is novel as it is the first aerosol model fully coupled to a numerical weather prediction model with data assimilation. A reanalysis of the period [2003][2004][2005][2006][2007][2008][2009] has been carried out with the same system. During its development phase, the aerosol system was first run for the time period January 2003 to December 2004 and included sea salt, desert dust, organic matter, black carbon, and sulfate aerosols. In the analysis, Moderate Resolution Imaging Spectroradiometer (MODIS) total aerosol optical depth (AOD) at 550 nm over ocean and land (except over bright surfaces) was assimilated. This work evaluates the performance of the aerosol system by means of case studies. The case studies include (1) the summer heat wave in Europe in August 2003, characterized by forest fire aerosol and conditions of high temperatures and stagnation, favoring photochemistry and secondary aerosol formation, (2) a large Saharan dust event in March 2004, and (3) periods of high and low sea salt aerosol production. During the heat wave period in 2003, the linear correlation coefficients between modeled and observed AOD (550 nm) and between modeled and observed PM2.5 mass concentrations are 0.82 and 0.71, respectively, for all investigated sites together. The AOD is slightly and the PM2.5 mass concentration is clearly overestimated by the aerosol model during this period. The simulated sulfate mass concentration is significantly correlated with observations but is distinctly overestimated. The horizontal and vertical locations of the main features of the aerosol distribution during the Saharan dust outbreak are generally well captured, as well as the timing of the AOD peaks. The aerosol model simulates winter sea salt AOD reasonably well, however, showing a general overestimation. Summer sea salt events show a better agreement. Overall, the assimilation of MODIS AOD data improves the subsequent aerosol predictions when compared with observations, in particular concerning the correlation and AOD peak values. The assimilation is less effective in correcting a positive (PM2.5, sulfate mass concentration, Angström exponent) or negative (desert dust plume AOD) model bias.
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Introduction
[2] Within the European Commission's Framework Programme 6 project Global and regional Earth-system Monitoring using Satellite and in-situ data (GEMS) [Hollingsworth et al., 2008] , near real-time assimilation and forecasts of aerosols, greenhouse gases and reactive gases have been developed, either by integration in or coupling to the ECMWF (European Centre for Medium-Range Weather Forecast) Integrated Forecast System (IFS) code. A reanalysis of the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] has been carried out with the same system. During its development phase, the aerosol system was first run for the time period January 2003 to December 2004 and included sea salt, desert dust, organic matter, black carbon and sulfate aerosols.
[3] The interest for regional to global aerosol modeling stems essentially from a climate change and an air quality perspective. The main driver for global-scale modeling of aerosols is the interest in the aerosol direct and indirect effects on climate, which are responsible for a large uncertainty in radiative forcing and future climate change [Intergovernmental Panel on Climate Change (IPCC), 2007] . The impacts of aerosols on air quality and health are well recognized and a number of air quality models are capable of simulating particulate matter [e.g., Vautard et al., 2007] .
[4] There is a wealth of measurements on aerosols but integration of these measurements is mostly missing. Barrie et al. [2004] reviewed the multiple data sets on atmospheric aerosols from surface, airborne and satellite-borne measurements, and indicated data assimilation as an important tool to integrate these observations. However, aerosol modeling is mainly done within climate and air quality models. There have been a few attempts to assimilate aerosol satellite products [e.g., Collins et al., 2001; Yu et al., 2004] or radiances [Weaver et al., 2007] into global climate or chemical transport models, but rather with the aim to understand the aerosol atmospheric cycle than to monitor it. Recently, Zhang et al. [2008] presented an aerosol data assimilation package within the U.S. Naval Research Laboratory's Aerosol Analysis and Prediction System for aerosol forecasting purposes. A two-dimensional variational technique was applied to assimilate MODIS (Moderate Resolution Imaging Spectroradiometer) level-3 over-water total aerosol optical depth (AOD) at 550 nm.
[5] The GEMS project therefore represents an unprecedented effort to model atmospheric aerosols in the context of operational numerical weather prediction (NWP) taking an advantage of state-of-the-art meteorological information and data assimilation techniques. The GEMS aerosol analysis and forecast modules provide a preoperational monitoring and forecasting tool on the global scale, which can be useful for accurate monitoring of natural and anthropogenic aerosol four-dimensional distribution for climate studies, improvement of the overall meteorology within NWP, boundary conditions for regional air quality models, understanding aerosol-meteorology interactions, aerosol impacts on ecosystems (acid rain, fertilization, diffuse radiation), and improving visibility and ultraviolet radiation products.
[6] This study complements three companion papers, which detail the aerosol forward model itself , the data assimilation [Benedetti et al., 2009] , and the overall evaluation statistics (M. Schulz et al., Aerosol analysis and forecast in the ECMWF Integrated Forecast System: 4. Model evaluation, manuscript in preparation, 2010, hereafter SchulzetalPartIV2010). SchulzetalPartIV2010 discusses the overall performance of both aerosol modeling without and with assimilation, on both global and regional scales, as well as seasonality and aerosol composition. Here, we evaluate the performance of the aerosol model before and after assimilation by means of case studies, allowing to analyze in detail the ability of the model to reproduce observed aerosol properties, concentration, transport, and their evolution on scales down to local values averaged over 3 h. Case studies offer the advantage of strong signal events with sufficient observational data available in order to judge the performance of the aerosol model to correctly predict strong aerosol signal changes, including peaks and lows. The spatial and temporal agreement with observations allows conclusions on the validity of source functions and emission data used and which parts of the aerosol model system could be improved.
[7] Case studies examined were: (1) the summer heat wave in Europe in August 2003, characterized by forest fire aerosol and conditions of high temperatures and stagnation, favoring photochemistry and secondary aerosol formation, (2) a large Saharan dust event in the beginning of March 2004, transporting the dust over the Atlantic, to Europe and South America, and (3) periods of high and low sea salt aerosol production. These cases have been selected to represent the different aerosol types, and because their proper representation by the model is relevant for the boundary conditions to be fed into European regional air quality models. Distinct events when organic matter, black carbon or sulfate were dominating were not possible to investigate because of the limits of observational data availability.
[8] Two simulations with the aerosol model were considered: the free running forward model with no assimilation of any aerosol related data (hereafter named DIRECT) , and the analysis version with assimilation of MODIS total AOD data at 550 nm over ocean and land (hereafter named ASSIM) [Benedetti et al., 2009] .
[9] Specifically, the forecast of total and partial (for the modeled individual aerosol species) AOD and surface mass concentrations are compared to observational data, comprising AOD data from ground-based measurements and from satellite observations, surface PM2.5 measurements as well as chemically resolved EMEP data.
Aerosol Model

Forward Model Without Assimilation (DIRECT)
[10] The aerosol forward model ] contains five aerosol types: sea salt (SS), desert dust (DD), organic matter (OM), black carbon (BC), and a sulfaterelated variable (SU). Total column aerosol optical depth (AOD) is calculated at 469, 550, 670, 865, 1240, 1640 , and 2130 nm. Partial AODs for SS, DD, OM, BC, and SU are calculated at 550 nm. In addition, for each of the five aerosol types, the mass mixing ratio of each size bin on each of the 60 height levels is available. The forecast is restarted every 12 h from operational ECMWF analyses, with aerosol fields initialized from null concentrations on 01 December 2002, 0000 UT. The aerosols at the end of a given 12 h forecast are passed as initial conditions to the next 12 h forecast.
Forecast values are archived for 3, 6, 9, and 12 h lead time. Model resolution is T L 159L60 (1.125°× 1.125°grid, 60 height levels).
[11] The aerosol model includes 3 bins of SS (radius boundaries of 0.03-0.5-5-20 mm) and DD (radius boundaries of 0.03-0.55-0.9-20 mm). These limits are chosen so that roughly 10, 20, and 70% of the mass of each aerosol type lie in the three respective bins. The radii given are for dry particles. The ambient humidity is taken into account for the processes of sedimentation, wet deposition and radiation. Sources of SS and DD are interactive and calculated with surface and near-surface variables of the model [Morcrette et al., 2008] . The surface flux of SS aerosol is parameterized from the 10 m wind at the free ocean surface from a hybrid scheme developed by Schulz et al. [2004] , based on work by Monahan et al. [1982] for large particles and modified after Smith and Harrison [1998] . The source function for the emission of desert dust is adapted from work by Ginoux et al. [2001] , and is based on a limited number of climatological parameters (fraction of bare soil, vegetation cover, orography), some observations (MODIS component of UV-VIS surface albedo), and model prognostic variables (soil moisture, 10 m wind speed, snow cover, surface and top layer temperature). Sources for OM, BC and SU are taken from the SPEW (Speciated Particulate Emission Wizard) and EDGAR (Emission Database for Global Atmospheric Research) annual or monthly mean climatologies [Dentener et al., 2006] , as well as from version 2 of the GFED (Global Fire Emission Database) 8 day mean emission data set [van der Werf et al., 2006] . OM is distributed between 50% of hydrophilic and 50% of hydrophobic OM, whereas 80% of BC is kept as hydrophobic and 20% is considered as hydrophilic. Once emitted, the hydrophobic component is transformed into a hydrophilic one with a time constant of 1.16 per day. The sulfur cycle is represented by a simple conversion of SO 2 emissions to SO 4 [Huneeus et al., 2009] , and there is one aerosol size bin dedicated to SO 4 . There is no stratospheric aerosol included, as stratospheric aerosol loadings were very small during the period under investigation.
[12] The package of ECMWF physical parameterizations dedicated to aerosol processes mainly follows the treatment in the LOA/LMDZ model [Reddy et al., 2005] . It allows the aerosols to be advected, and the vertical diffusion and the mass-flux convection schemes to account explicitly for tracers such as aerosols. All aerosols undergo sedimentation, dry deposition and wet deposition (by largescale and convective precipitation). The model prognostic aerosol is not interactive with the radiation scheme of the ECMWF IFS, i.e., that the radiation scheme still relies on the climatological aerosols derived from work by Tegen et al. [1997] .
Aerosol Assimilation Scheme
[13] The aerosol assimilation scheme is part of the meteorological 4D-Var assimilation system employed operationally at ECMWF. The assimilation output, also known as analysis and referred to as ASSIM hereafter, represents the best statistical compromise between the background information (i.e., the output of a short, 15 h forecast of the aerosol model) and the observations. A detailed description is presented by Benedetti et al. [2009] .
[14] The ASSIM simulation assimilates total aerosol optical depth data at 550 nm from MODIS on board of Terra and Aqua satellites (data collection 5). MODIS data are chosen for their reliability and availability in near real time. For a general description of MODIS AOD, see Remer et al. [2005] , and for a description of the current MODIS AOD collection 5 data over land, see Levy et al. [2007] . AOD data both over ocean and land are assimilated. However, over highly reflective surfaces, such as deserts and snow covered areas, there is not sufficient contrast to discern the aerosol signal from the surface signal, and therefore, no MODIS AOD data exist over such areas. The original MODIS retrievals have a resolution of 10 × 10 km 2 . Since the analysis was run at T L 159, which is approximately 120 × 120 km 2 , MODIS AOD data of a grid of 0.5°× 0.5°are taken. For the application of the observation operator, MODIS data are taken at the original time, and at the specific observation location, and model aerosol fields are interpolated to this location. Over the 12 h window of the analysis, there are around 16,000 data points on average from MODIS on Aqua and Terra satellites.
[15] The observation operator for aerosol optical depth is based on optical properties, precomputed using Mie theory for the aerosol species included in the model, as in work by Reddy et al. [2005] . The aerosols are assumed to be externally mixed. The optimization of the distance between the background information and the MODIS observations is performed with respect to a single control variable, the total aerosol mixing ratio, defined as the sum of all bins of the individual aerosol species. Including all aerosol species and size bins in the analysis would increase the computational cost disproportionally. But, most importantly, the aerosol analysis would severely be underconstrained as one observation of total aerosol optical depth would be used to constrain the profiles of all aerosol species. At each iteration of the 4-D VAR minimization calculation, the increments in the total mixing ratio originating from the assimilation of MODIS AOD are redistributed into the mixing ratios of the individual species, according to their fractional distribution.
Observational Data for Evaluation
Satellite Data
[16] POLDER-2 (Polarization and Directionality of Earth's Reflectances) flew aboard ADEOS-2 (Advanced Earth Observation Satellite) from April to October 2003. POLDER-2 provided spectral, directional and polarized measurements of the solar radiation reflected by the Earthatmosphere system. The observations had a spatial resolution of 6 × 7 km 2 and its field of view induced a 2400 km swath allowing a nearly global daily coverage. In order to increase the signal to noise ratio, the AOD retrieval algorithm is applied to 3 × 3 POLDER pixels, leading to a resolution of 18 × 21 km 2 . Only cloud-free pixels selected according to the algorithm of Bréon and Colzy [1999] are processed. AOD is retrieved from measurements in the 670 and 865 nm channels that were equipped with polarization filters. The POLDER-2 product over ocean provides total AOD, while over land only fine-mode fraction AOD is available. The fine-mode fraction AOD of POLDER is modeled by single lognormal size distribution with geometric standard deviation of 0.4 and the mean radius varying from 0.05 to 0.15 mm. In this study, fine-mode AOD at 865 nm is used, together with the fine-mode AOD at 550 nm, extrapolated from the measurements at 670 and 865 nm, using the Angström exponent. More details on the AOD retrieval from POLDER measurements are described by Deuzé et al. [2001] . A mean of all clear sky POLDER-2 observations during a day within a box of 1.125°× 1.125°, which is centered at the same coordinates as the model cell, is generated for the comparison with the daily mean GEMS aerosol product. In order to get a reasonable number of points for the comparison we do not limit the minimal number of POLDER observation that should fall within the model cell. In this analysis there are 11.95 ± 12.71 (mean ± standard deviation) POLDER-2 observations within a model cell.
[17] The Spinning Enhanced Visible and InfraRed Imager (SEVIRI) is flown on the geostationary Meteosat Second Generation-1 satellite located at 3.4°W above the equator. The SEVIRI aerosol product used here includes AOD at 630, 830 and 1610 nm with a spatial resolution of 9 × 9 km 2 and a time resolution of 15 min. The data is averaged to the 3-hourly GEMS aerosol model output. The AOD values are derived independently from the respective SEVIRI bands [Ignatov and Stowe, 2002] , and a special cloud screening is applied [De Paepe et al., 2008] . The SEVIRI aerosol product is available over ocean only, for the SEVIRI disk and for solar zenith angles smaller than 60°.
Ground-Based Data
[18] The AErosol RObotik NETwork (AERONET) ] of ground-based Sun photometer measurements provides a unique opportunity to evaluate the GEMS aerosol model. AERONET retrieval of total AOD and aerosol properties relies on measurements of direct sun radiances and radiance scans in the almucantar and azimuth planes. The AERONET Sun photometer data provide statistics on AOD and its spectral dependence (depending on the respective instrument and site, wavelengths comprise 340, 380, 440, 500, 675, 870, 1020 nm) . The spectral dependence defines the Angström exponent and is an indicator for the overall aerosol size. In addition, the almucantar and azimuth plane measurements provide statistics on quantities like size distribution, fine-mode fraction (diameter smaller than 1 mm) and effective radius. For a description of the errors and quality assurance procedures for the AERONET Sun photometers, we refer to Dubovik et al. [2000 Dubovik et al. [ , 2002 .
[19] For this study, AERONET level 2.0 quality-assured data are used. The processed AERONET Sun and sky measurement statistics are based on the new version-2 products. For GEMS purposes, daily and 3-hourly averages are provided. For site comparisons, model data are extracted for grid cells that are centered at the coordinates closest to the measurement location. AOD data at Mace Head (sea salt comparisons) are obtained from the Global Atmosphere Watch Precision Filter Radiometers (GAWPFR) network [Mulcahy et al., 2009; Wehrli, 2004] . Aerosol optical depth data are further complemented by UV-B AOD data (320 nm) derived from Brewer spectrophotometers. The Brewer UV-B AOD data were evaluated with data from colocated Sun photometers of the AERONET network [Cheymol et al., 2009] .
[20] Measured particulate mass concentrations (PM) are obtained from the French air quality monitoring network, handled by the French Environment and Energy Management Agency (ADEME). The mass concentrations analyzed within this study represent particles at the ground level with an aerodynamic diameter lower than 2.5 mm (PM2.5), measured continuously using a Tapered Element Oscillating Microbalance (TEOM). Drying of aerosol particles and evaporation of volatile components can lead to an underestimation of the PM values by the TEOM. The sampling sites are located at Lille, Calais (both in the North of France) and Marseille (South of France), all being densely populated and industrial areas that provide the main emission sources of anthropogenic aerosols. As for the AOD data, the model data are extracted for grid cells that are centered at the coordinates closest to the measurement location. Model PM2.5 concentrations are summed up from the smallest SS size bin, 5% of the second sea salt size bin (which is 0.5-5 mm), the two smallest DD size bins, and all bins of OM, BC, and SU. Note, that the PM2.5 data used here are daily mean values, which can smooth out possible local anomalies.
[21] The predictions of the GEMS aerosol model for the mass concentrations of sea salt and sulfate are compared to measurements from the EMEP (www.emep.int) network, as well as from the Mace Head GAW station for 2003. The selection criteria for observational data are: representativeness (e.g., marine sites only within 15 km from the coast or on islands), reliability (availability of sulfate data along with sodium for marine sites), uniform regional coverage, and long-term record. Most of the data are daily averages. For sulfate, either data from coastal stations with Na measurements or inland continental sites are used. Only data from sites below 1500 m amsl (meters above mean sea level) and thus within the continental or marine boundary layer are used. Those constraints significantly limit the availability of reliable data. There are no long-term monitoring measurements of OM or BC over Europe, only campaign-based data [Yttri et al., 2007] .
Case Studies
Air Pollution Event During the August 2003 Heat Wave in Europe
[22] This section presents a comparative analysis of GEMS DIRECT and ASSIM aerosol simulations with observation data for the severe heat wave of early August 2003 in western Europe. Conditions of persistent anticyclones characterized by high temperatures induced many processes (stagnation, photochemistry, forest fires in southern Europe), which led to unusually high aerosol loads [e.g., Hodzic et al., 2006; Tressol et al., 2008] . The episode ended around 15 August with the arrival of rainy conditions. 4.1.1. PM2.5, AOD, and Angström Exponent
[23] Remote sensing and in situ observations in the North of France showed that this region was among the areas which were affected by the severe heat wave. In this region, a maximum of aerosol loading was identified during August 2003 [Kacenelenbogen et al., 2006] . For comparisons with the model simulations, AERONET data of daily mean AODs from the French sites in Lille, Dunkerque and Toulon are available. In addition, PM2.5 measurements are available for Lille, Calais (50 km from Dunkerque) and Marseille (60 km from Toulon). Note that the cities Dunkerque and Calais are in the same grid cell of the current model version, as are Marseille and Toulon. Dunkerque is surrounded by an important industrial center and our analysis (not shown) revealed that the PM2.5 concentrations at Calais are very well correlated with available PM10 concentrations at Dunkerque. In Lille, the AERONET and PM2.5 sampling stations are separated by about 5 km. The months June, July and September are included in this analysis for tracing the time evolution of the aerosol loading. In addition, part of the analysis is extended for the POLDER-2 operating period (April to October 2003).
[24] Figures 1, 2, and 3 present a comparison between the 24 h averaged PM2.5 concentrations sampled at the surface and the corresponding simulated (for both DIRECT and ASSIM) aerosol concentration for Lille, Calais and Marseille. The aerosol system picks up most of the day-to-day variability in the observed surface concentration of PM2.5 (compare green bars and red curve). In particular, the model represents well the relative increase from the average PM2.5 concentrations before the event to the average level during the heat wave period. The observed relative increase is distinct in Lille and Calais (PM2.5 increased twofold to threefold), but less pronounced in Marseille (increase with a factor around 1.5). The DIRECT simulation underestimates this relative increase. The ASSIM version agrees better with the observations, showing stronger relative increases at all three sites. During the heat wave event, model PM2.5 equals more or less total model PM with sulfate being the main component. The time periods before and after the event reveal higher fractions of coarse particles (difference model total PM and model PM2.5) in Lille and Calais than in Marseille. At all sites strong peaks of total PM concentration were simulated, when the model aerosol is made up almost completely by sea salt. It would be interesting to verify this, however, there are no respective observations of chemically resolved PM data available.
[25] Regarding the time period of the event, the DIRECT simulation overestimates PM2.5 in Lille and Calais and is very close to the observations in Marseille. The ASSIM simulation, however, introduces an additional overestimation, now also for Marseille. This is mainly due to increased SO 4 concentrations in the ASSIM version compared to the DIRECT run. Simulated BC concentrations show no distinct increase during the event, and OM concentrations increase only in Marseille in mid-July and in the beginning of August. Because the aerosol system assimilates total AOD, it cannot split between the individual aerosol species. If the DIRECT version, based on the emission databases and source functions, underestimates the assimilated parameter, the analysis reacts by increasing proportionally the mass of the individual aerosol species. The high level of sulfate in the DIRECT simulation results thus in the increase of sulfate by the assimilation. The simulated fractional contribution of BC and OM to PM2.5 are very low and so are the increases after assimilation.
[26] When looking at the whole period June to September 2003, the DIRECT simulation shows a systematic overestimation of PM2.5, higher in the North of France than in 
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Marseille, which is still present after the assimilation. The assimilation of MODIS AOD at 550 nm improves the correlation coefficients at all sites. The correlation coefficients after assimilation are 0.84 and 0.85 for Lille and Calais, respectively, and 0.69 for Marseille.
[27] Figures 4, 5, and 6 show time series of simulated (for both DIRECT and ASSIM) total and partial AODs compared to AERONET observations of AOD at 550 nm. The data are presented from June to September 2003 for Lille, Dunkerque/Calais and Toulon/Marseille. Likewise for the PM2.5 concentration, the aerosol system agrees reasonably well with the observed day-to-day variability of AOD (compare green bars and red curve). Regarding the whole period June to September 2003, the correlation coefficient is improved by the assimilation only in Toulon/Marseille (0.71 and 0.86 for DIRECT and ASSIM run, respectively). Lille and Dunkerque/Calais reveal unchanged correlation coefficients of 0.70 and 0.74, respectively. Observed AOD during the heat wave is high with some peaks greater than 0.6. The DIRECT simulation is in good agreement with the overall AOD level, however, there are mismatches between simulated and observed peaks (timing, both overestimation and underestimation), and especially at Toulon/Marseille the simulated AOD is too high in the early period of the event. The assimilation improves this picture only partly probably due to the same reasoning mentioned for the PM comparisons. On the other hand, the distinct peak of AOD on 13 August is well captured after the assimilation at all three sites. This is mainly due to increased model sulfate AOD (consistent with the increased sulfate PM2.5 mass mentioned above). Model partial BC and OM AOD values show no distinct increase during the event, for both DIRECT and ASSIM runs.
[28] Despite the relative agreement between the measured and the simulated AOD values, the overestimation of the simulated PM2.5 is pronounced. This PM2.5 overestimation most likely indicates issues with the vertical distribution of SO 4 , which is the main component of simulated PM2.5. In cases of an agreement on AOD, the overestimation of PM2.5 can be due to a too high fraction of simulated boundary layer sulfate.
[29] The observed Angström exponent (440 to 870 nm; see Figure 7 ) reveals high daily variability in aerosol size, especially at Marseille. Concerning Lille and Dunkerque/ Calais, this parameter is mostly higher than 1.0, and even up to 1.8, indicating rather small particles. In Toulon/Marseille there are more values below 1.0 and the Angström exponent shows some values between 0.2 and 0.5, and one negative value. A minor increase in simulated desert dust aerosol around 7 to 13 August (Toulon/Marseille also on 15 to 17 August) does not translate into a distinct variation of the Angström exponent. Some of these low values correspond to an increase in the model's dust component (e.g., on 25 and 26 June and 16, 21, and 22 July), but others do not.
[30] In Figure 8 we investigate the correlation of total AOD against PM2.5 concentrations, for measured and simulated values. As total AOD is more easily measured (by groundbased or spaceborne instruments), this could enhance the PM2.5 database. The period end of July until mid-August is used, as it was identified by both observations and model as the period of elevated aerosol loading. During this period the model PM2.5 almost equals the total PM, providing a better consistency with total AOD. The data include all sites (Lille, Dunkerque/Calais, Toulon/Marseille), and the observed AOD at 550 nm is from AERONET. Figure 8 (left) presents simulated (ASSIM version) against measured AOD (r = 0.82) and simulated against measured PM2.5 (r = 0.71). This good correlation is quite encouraging considering the low spatial resolution of the model and the local character of PM measurements. However, the correlation coefficient degrades for measured AOD against measured PM2.5 (r = 0.47; see Figure 8 , right) and it degrades even stronger for the comparison of simulated AOD against measured PM2.5 (r = 0.40). This indicates the complexity and difficulties of modeling the conversion of aerosol species mass concentrations into optical properties, e.g., the vertical distribution of the aerosol species, their optical constants, or the spatial scales of the different parameters. A high correlation between PM2.5 (and its species composition) and total AOD would give information on the relationship between, on the one hand, mass and size, and on the other hand, optical properties of the aerosol species.
[31] Figure 9 presents for both DIRECT and ASSIM simulations total AOD against fine-mode AOD derived from POLDER-2 at 550 and 865 nm. The comparison is shown for the POLDER-2 operating period, separately for each site: Lille, Dunkerque/Calais, and Toulon/Marseille. The assimilation of MODIS AOD clearly improves the correlation coefficients at both wavelengths (550 and 865 nm), at all three sites. The positive offset in Figure 9 is due to the fact that model AOD is for total AOD and POLDER-2 AOD is for the fine-mode fraction AOD only. However, the assimilation of MODIS AOD reduces this high bias at all three sites.
[32] Figure 10 shows the correlations between simulated total AOD at 550 nm (for both DIRECT and ASSIM version) against fine-mode AOD derived from POLDER-2 and against total AOD from AERONET (both at 550 nm). The presented data are for coincident daily means from April to October 2003, and for all sites together (Lille, Dunkerque/ Calais, and Toulon/Marseille). The graphs reveal that the assimilation improves quite similarly the model agreement with POLDER-2 fine-mode AOD and with AERONET total AOD. The model slightly overestimates the low and underestimates the high AOD values from AERONET. The comparison shows that the simulated total AOD has a slightly better correlation with AERONET total AOD than with POLDER-2 fine-mode AOD. Model total AOD reveals a distinct positive offset compared to the observations, more pronounced compared to POLDER-2 fine-mode AOD (DIRECT: 0.194, ASSIM: 0.155) than compared to AERONET total AOD (DIRECT: 0.143, ASSIM: 0.081). Although these offsets are reduced by the assimilation procedure, their origins need further investigation. Whereas a high bias of model total AOD compared to fine-mode AOD is logical, it is likely a combination of several points, causing the general positive offset. In addition to the general causes for a high bias of the ASSIM version, mentioned It is conceivable that the absence of precipitation was a major factor behind the increased sulfate concentration. Unfortunately, no organic or black carbon measurements are available within the EMEP network for this time period.
[34] The DIRECT model run captures the increase of sulfate mass concentration very well. The linear regression correlation coefficients between modeled and observed sulfate mass concentrations are in the range 0.50 to 0.67, indicative of a good general agreement (see Figure 12 ). The probability P of the null hypothesis that the correlations are accidental is below 0.01; that is, the correlations are significant. However, the regression analysis indicates a significant overestimation of aerosol sulfate by the model, which can be attributed either to inadequate emission inventories of SO 2 , too efficient and rapid conversion of SO 2 to SO 4 in the sulfate aerosol scheme, too weak dry deposition of SO 2 , or discrepancies in the aerosol vertical profile. The assimilation of MODIS AOD does not improve significantly the simulation of the mass concentrations.
Portuguese Fire Aerosol Over Middle Europe
[35] The dry conditions of summer 2003 led to many wild fires in Southern Europe, in particular in Portugal between 3 and 8 August 2003 [Hodzic et al., 2007] . These wild fires provide the opportunity to investigate the aerosol model capability to simulate the spatial transport of the fire plume aerosols.
[36] The graph of POLDER-2 mean fine-mode AOD at 550 nm (see Figure 13a) shows elevated fine-mode aerosol on 5 and 6 August 2003 over the Atlantic next to Portugal and France, the British Isles, the North Sea, the Netherlands, parts of eastern Europe from eastern Germany to the Balkan countries and over the eastern part of the Mediterranean Sea. That the northwestern part of Europe was affected by smoke aerosols has been shown by several authors [Hodzic et al., 2006 [Hodzic et al., , 2007 Tressol et al., 2008] . Hodzic et al. [2006] presented a passive tracer study (taking into account the emission of primary aerosols due to forest fires and their subsequent atmospheric transport), which revealed that the tracer was transported from Portugal via the British Isles, and the North Sea to the Benelux area, within an altitude of 3 to 4 km. Tressol et al. [2008] modeled the CO emissions of the Portuguese fires and their spatial transport, showing that the CO plume on 6 August 2003 and at 2.5 km altitude stretched from Portugal to the British Isles, the North Sea and the Benelux area.
[37] The mean fine-mode AOD simulations at 550 nm for the period 5 to 6 August 2003, for both DIRECT and ASSIM simulations, are compared to POLDER-2 finemode AOD at 550 nm in Figures 13a-13c . Note, that model fine-mode AOD is approximated by the sum of the partial AODs of BC, OM, and SU. These partial AODs are available only at 550 nm, which is not an original wavelength of the POLDER-2 AOD product. Therefore, POLDER-2 AOD has to be adjusted to the model and the fine-mode AOD is extrapolated to 550 nm using the Angström exponent of the fine-mode AODs at 670 and 865 nm. It has to be mentioned that the accuracy in the derived POLDER-2 AOD and AOD spectral dependence over land and over ocean can be different, which can be reported in differences in the extrapolated AOD values. The accuracy of the AOD spectral dependence and thus of the extrapolated AOD is decreasing over land for low aerosol loadings.
[38] The DIRECT simulation agrees reasonably well with the general pattern of areas of elevated fine-mode aerosol observed by POLDER-2, however, missing the elevated aerosol over the Netherlands and its adherent part of the North Sea, overestimating the AOD over northern Italy, the south of France, and over the Iberian peninsula, and underestimating the fine-mode AOD over the Atlantic next to Portugal and France. The assimilation increases the AOD over most of the areas of the DIRECT simulation with elevated fine-mode AOD. There is now a clear overestimation of AOD over the British Isles, the part from Eastern Germany to the Balkan countries and northern Italy. The assimilation improves the agreement over the Atlantic next to Portugal and France, eastern Spain, the south of France, the Baltic Sea, and the eastern Mediterranean Sea. On the contrary, the assimilation is also not able to reproduce the observed peak over the Netherlands and the adherent part of the North Sea.
[39] Therefore, it is important to look at the mean partial AODs of BC, OM, and SU at 550 nm in Figure 14 , for both DIRECT and ASSIM simulations. Within the simulations, only SU contributes significantly to the total fine-mode AOD and the assimilation increases the levels of each of the three aerosol species. OM plays a minor part and BC only a marginal one, although in a smoke plume these two species should be distinctly stronger represented. The discrepancies may result from the smoothed 8 day resolution of the emissions, which does not capture the strength of individual fires. Also, a parameterization of the injection height of fireproduced aerosol is required to properly represent longrange transport of aerosols from fire emissions.
Saharan Dust Event March 2004
[40] In early March 2004, a cold air outbreak from Europe to Africa caused a major dust storm over large parts of western Africa [Knippertz and Fink, 2007] . Subsequently, the cold air fanned out across the Sahara, diverging over subtropical regions and the Atlantic Ocean. The DIRECT and ASSIM simulations of AOD, Angström exponent and coarse-mode AOD are compared to data retrieved from satellite (SEVIRI) and ground-based data (AERONET, Brewer spectrophotometer). MODIS images onboard Terra and Aqua satellites from 3 to 6 March 2004 (Figure 15 ) illustrate this dust event. On 3 March, an arc of dust was formed that swept over the Canary Islands. On 5 March, the dust reached the Cape Verde Islands and the shores of western Europe.
[41] Figure 16 illustrates that the model run with data assimilation simulates very well the spatial distribution of the dust plume. However, compared to SEVIRI AOD data, the model both underestimates and overestimates AOD in Figure 14 . Mean partial AODs at 550 nm of (a, b) BC, (c, d) OM, and (e, f) SU, for both DIRECT (Figures 14a, 14c , and 14e) and ASSIM (Figures 14b, 14d, and 14f) simulations, for the period of 5 to 6 August 2003 covered by POLDER-2 observations (time interval 0900 to 1500 UT each day).
parts of the dust plume over the ocean (see Figure 16c) . Especially in the core of the plume, the model underestimates the observed AOD. It should be noted that part of this difference can be attributed to the uncertainty of the SEVIRI AOD retrieval [see De Paepe et al., 2008] . However, MODIS AOD graphs of 5 and 6 March 2004 also showed AOD values distinctly higher than 2 for the core of the dust plume [see Benedetti et al., 2009, Figure 7c] . That the assimilation of MODIS AOD improves distinctly the performance can be seen in Figure 16d , revealing an improvement also for regions void of MODIS AOD data, such as over bright surfaces (e.g., Niger, Nigeria, and Chad).
[42] Graphs of the correlation between simulated AOD at 670 nm and SEVIRI AOD at 630 nm are shown in Figure 17 for 4, 5 and 6 March 2004, for both DIRECT and ASSIM simulations, and averaged over the time interval 1200-1500 UT. Data pairs are taken from the common grid cell area 0°to 40.5°N and 4.5°to 36°W. The higher-resolution data of SEVIRI was scaled to the model grid. Note, as SEVIRI AOD are only available over ocean, no AOD over land is included in these correlations. The assimilation clearly improves the agreement with observed SEVIRI AOD over the whole AOD range, in particular the linear correlation coefficient r is improved, up to 0.76 (5 March 2004, 1200-1500 UT; see Figures 17c and 17d) . Whereas the DIRECT simulation distinctly underestimates the observed AOD, this low bias is clearly reduced in the ASSIM version, both at low and high AOD values.
[43] As the GEMS and SEVIRI common grid cell area covers areas both affected and unaffected by the dust plume, and thus areas of dominantly higher and lower AOD, respectively, the correlation calculations are additionally done separately for the AOD ranges above and below 0.5. Such calculations were done for all 3 h intervals of 4, 5 and 6 March between 0600 and 2100 UT (time when SEVIRI AOD is retrievable). Whereas the mean correlation coefficient for the ASSIM simulations is 0.64 ± 0.13 (DIRECT 0.54 ± 0.14) for the whole AOD range, the correlations for AOD values below 0.5 are slightly weaker (ASSIM mean: 0.57 ± 0.16; DIRECT mean: 0.51 ± 0.15). The correlations for the range 0.5 to 3.0 are very low (ASSIM mean: 0.15 ± 0.15; DIRECT mean: 0.1 ± 0.08). Statistically, all correlations are significant; that is, the probability P of the null hypothesis that the correlations are accidental is below 0.01. This indicates that the assimilation is very efficient for the low AOD values, but less for very high AOD values. The assimilation reduces the model low bias at high AOD values, but less the scatter.
[44] Time series of AOD at four AERONET sites (Agoufou, Capo Verde, Dakar, El Arenosillo) and one Brewer station (Funchal, Madeira islands) were selected to illustrate both the performance of the GEMS aerosol model simulating a Saharan dust event and the impact of the assimilation of MODIS AOD (see Figure 18) . At Agoufou, a maximum of AOD was present on 4 March, at Dakar, Capo Verde and Funchal on 5 March, and at the more distant station of El Arenosillo in southeastern Spain, the peak was observed on 6 March. The increase of AOD and the timing of the peaks are well represented by both the DIRECT and the ASSIM simulation, and both versions correctly assign almost all of the total AOD to desert dust during the event. The DIRECT simulation underestimates total AOD at all observation sites whenever dust dominates total AOD, in particular the peaks. Considering the closeness of Agoufou and Dakar to the dust origin, this suggests that the model underestimates the [45] The correlation coefficients between observations and model reveal the highest correlations after assimilation at Capo Verde and El Arenosillo (0.94 and 0.89, respectively), whereas Agoufou, the station closest to the dust origin, shows the lowest correlation (0.67). At all stations the assimilation improves the correlation. All correlations are statistically significant. Note, that in Funchal the AOD is measured at 320 nm. Because of the spectral dependency of light scattering and absorption by aerosols, a positive bias between AOD at 320 and 550 nm can be expected, which should however be small in the case of mainly coarse dust aerosols.
[46] Both simulations overestimate the Angström exponent (see Figure 19) , an indicator of aerosol size, at the sites of Agoufou, Dakar and Capo Verde, whereas at the more distant station El Arenosillo the Angström exponent is better reproduced, with a slight overestimation the day of the dust arrival. No major differences are detected in the performance to reproduce the Angström exponent between the two model runs, revealing that the assimilation has little impact on correcting the model in terms of dust size distribution. The linear correlation coefficients range from r = 0.39 at El Arenosillo for the DIRECT simulation, to r = 0.65 at Agoufou, also for the DIRECT simulation. The assimilation improves r only for El Arenosillo. The corrections to the model through the assimilation of total AOD at 550 nm are done in terms of total aerosol loading and not in terms of size distribution. Furthermore, the overestimation of the Angström exponent in Agoufou, Dakar and Capo Verde, and a better performance in El Arenosillo reveal that the fine-mode aerosol is overestimated by both model versions.
[47] In addition, Figure 20 displays the coarse-mode AOD in Agoufou, Capo Verde, Dakar and El Arenosillo, retrieved from both AERONET sky measurements and the model for March 2004. Compared to Figure 18 , it is obvious that in Agoufou, Capo Verde and Dakar the coarse mode dominates total AOD. In El Arenosillo, more distant to the dust origin, the coarse mode is less important, although there are distinct periods when the Angström exponent is below 0.4, indicative of coarse particles. Whereas the DIRECT simulation mostly underestimates the coarse-mode AOD, this parameter is overcorrected by the assimilation, especially in Capo Verde. Note, that model coarse-mode AOD is the sum of partial DD and SS AOD. Likewise for the Angström exponent, the linear correlation coefficients are not high (between r = 0.49 at El Arenosillo for DIRECT, and r = 0.69, for ASSIM at El Arenosillo). Again, the assimilation improves r only for El Arenosillo. The system assimilates total AOD and can therefore not split between coarse and fine particles. If the DIRECT version underestimates total AOD, the analysis reacts by increasing the mass of both fine-and coarse-mode aerosols. Because of the aerosol optical properties used for calculating the AOD (see section 2), this results in an overestimation of the coarse mode AOD, as illustrated in Figure 20. 
Periods of High and Low Sea Salt Aerosol
[48] Sea salt events are normally associated with high wind speed periods lasting for several days. At Mace Head, cases with high wind speed are most often observed when low-pressure systems are advected from the Atlantic Ocean. However, low-pressure systems are connected with cloudiness. Therefore, the number of events when observational AOD data are available is very low. For this study, sea salt cases were separated into winter and summer events, as there were distinct differences between them.
Winter Sea Salt Events
[49] During winter, low-pressure systems in the North Atlantic are normally deeper compared to summer, which means that higher wind speeds are observed. Consequently, more sea salt is generated across the entire aerosol size range Figure 21 ). During both events wind speed was above 15 m/s as observed at the coastal research station in Mace Head, with up to 20 m/s as an hourly average. These two cases were selected not only because of observed high wind speed, but also due to sufficiently long periods of clear skies, providing reliable observational AOD data from a Precision Filter Radiometer [Wehrli, 2004] .
[50] Measured sea salt concentration in bulk aerosol samples during these two events was 24 and 19.2 mg/m 3 for the January and November event, respectively. These were not the highest concentrations measured during the entire year of 2003, but were among the highest 5% of values. Figure 21 shows time series of observed wind speed, simulated (DIRECT run) total and sea salt AOD, as well as observed AOD during January and November 2003. The assimilation of MODIS AOD does not change significantly the SS AOD simulations (the same is true for the summer events). Simulated total AOD and partial SS AOD values range from 0.02 to 0.6, with peaks up to 1.1. During the events the total IFS AOD is dominated by sea salt and model AOD generally overestimates the observed total AOD. Around 20 January 2003, the observed AOD is more distinctly overestimated. A similar overestimation was demonstrated by Morcrette et al. [2008] . There are a few more noticeable mismatches between IFS AOD data and wind speed (e.g., around Julian Days 24-26, 30, 318). Given the time lag between wind speed and the AOD needs to build up both in the real atmosphere and in the model, a significant mismatch can occur, especially in the case of changing wind speed and direction. This was the case in particular on 20 January 2003. The effect of stable wind speed on observed AOD is discussed in detail by Mulcahy et al. [2008] , who demonstrated a clear power law relationship between stable wind speed and AOD.
[51] Unfortunately, no good satellite data exist for those cases, due to the season (satellites are "blind" in northern latitudes during winter) and cloudiness and are thus not presented here. However, the composite MODIS AOD image for the November event matches in general the ground-based AOD with values in the range 0.1 to 0.3 (http://neo.sci.gafc.nasa.gov/).
Summer Sea Salt Events
[52] For the summer 2003, two sea salt events were selected: 17 to 24 May (Julian Days 137-144) and 2 to 9 June (Julian Days 153-160; see Figure 22 ). These events were quite different from the winter ones considering AOD. The wind speed for these events was somewhat lower (10-15 m/s) when compared to the winter cases. The simulated (DIRECT run) total and partial SS AOD follows the wind speed variation more closely than during the winter period. Model total and partial SS AOD values are lower than in the winter cases (total AOD values range from 0.1 to 0.4, with peaks up to 0.85). Due to the lower wind speed during the summer events, the measured sea salt mass concentrations were slightly lower when compared to winter, with 16 and 10 mg/m 3 for May and June, respectively. Long-term observations of seasonal patterns of aerosol chemical species over the Northeast Atlantic confirm that sea salt mass concentrations are lower during summer, due to the composite effect of lower wind speed and enhanced contribution of biogenic organic compounds [Yoon et al., 2007] . The latter applies to mainly submicron particles due to the thermodynamic substitution effect of sea salt by biogenic organic matter in primary produced sea spray [O'Dowd et al., 2004] .
[53] There is a better agreement between simulated total AOD and observations for the summer period when model sea salt is far less dominating model total AOD compared to the winter period. This is partly due to a better agreement between predicted and observed wind speed during summer (median error below 1%) compared to winter (median error of +24%) (D. Ceburnis et al., Validation of aerosol chemical components predicted by the ECMWF IFS model, manuscript in preparation, 2010, hereafter Ceb2010). Apart from sea salt and dust, the IFS model only takes into account anthropogenic sulfate, organic matter and black carbon, and it does not consider biogenic sulfate and organic carbon emissions. It has become established that biogenic organic matter in sea spray and biogenic sulfate can contribute significantly to aerosol loadings during periods of high biological activity [O'Dowd et al., 2004; Yoon et al., 2007] . MODIS seasonal composite images for that period reveal a complex spatial pattern of AOD values over the North Atlantic, indicative of organic carbon in sea spray yet unaccounted in the IFS model. Vignati et al. [2010] presented a modeling case highlighting the global significance of biogenic organic matter. Taking into account biogenic organic matter and sulfate in the IFS model would increase the discrepancy between model and observations. However, it was already mentioned that anthropogenic sulfate is largely overestimated by the model (section 4.1.2), which in a way compensates for the absence of biogenic component, especially over oceanic locations, leading to the reasonable agreement between the aerosol model and observations.
Discussion
[54] Although GEMS-Aerosol features a global assimilation and forecast system, this study focuses on results for the European scale because of the relevance of a well characterized modeled aerosol state of the atmosphere as boundary condition for European regional air quality models. The global and regional perspective regarding total and partial AOD, fine-and coarse-mode AOD, surface mass concentration, and seasonality is treated in more detail by SchulzetalPartIV2010.
[55] Model evaluation encompasses several difficulties. Whereas model output is regularly available on a spatial and temporal scale, available observational aerosol optical data is often sparse and incomplete. For example, there are many AERONET stations in Europe, but not in Africa. In addition, AERONET AOD data is available for clear skies only. Further, measurement data often cannot be taken just as is, but care has to be taken of instrumental errors, or environmental biases like, for example, radiometric artifacts or thin to subvisible cirrus clouds affecting Sun photometer measurements. Finally, also model uncertainties related to simulated aerosol types and size bins, the radiative transfer scheme, or the assimilation technique (see companion papers by Benedetti et al. [2009] and Morcrette et al. [2009] ) have to be taken into account when interpreting the results. The high bias of ASSIM with respect to the observations can be associated with the prescribed observation error. As the MODIS product does not come with a pixel-by-pixel error, but rather with a statistical error model derived from comparisons with independent AERONET data, the observation error can be prescribed as a function of the observed AOD value. This implies that in an absolute sense the errors are larger for large values of AOD, which might not be always true.
[56] The quality of the results depends not only on the dynamics of the model and the adequacy of the aerosol physical parameterizations, but also on the representativeness of the sources. As the aerosol model calculates the aerosol optical depth from mass extinction coefficients, the source functions and emissions used are essential. The forecast model is very sensitive to the sources, with a large dependence on the inventories or climatologies used for the anthropogenic aerosols, and on the details of the sea salt and desert dust parameterizations. Outdated emission data are likely to introduce biases. Recent developments in secondary organic aerosol prediction [Robinson et al., 2007; Lane et al., 2008] and primary biogenic organic aerosol prediction [Vignati et al., 2010] may be useful for future aerosol model improvements.
[57] In the case of sea salt, Ceb2010 found that the total sea salt mass concentration is significantly overpredicted by the model at all investigated observation stations. Ceb2010 made a detailed analysis of the simulated and observed wind speed, and the sea salt aerosol sampling setup, revealing that comparing only the model SS PM10 and not total mass with the observations yields much closer agreements. This implies that the majority of particles above 10 mm do not get sampled. However, it cannot be excluded that the sea salt source function is too strong, particularly at higher wind speed. Very low sea salt mass concentrations are generally underestimated, which could be interpreted by either too efficient removal processes or shortcomings of the source function.
[58] With respect to the simulation of the Saharan dust event in March 2004 and the pronounced underestimation of total AOD in the core of the plume compared to SEVIRI total AOD, it should be noted that SEVIRI AOD data show a high bias against MODIS AOD, in particular at low AOD values, where SEVIRI also reveals more noise [De Paepe et al., 2008] . The high bias, however, is more pronounced at the longer wavelength bands 830 and 1610 nm than for 630 nm. In addition, SEVIRI comparisons with MODIS reveal a high correlation (0.96 for MODIS Terra, 0.91 for MODSI Aqua). Furthermore, independent comparisons by different satellite systems (SEVIRI, ATSR (Along Track Scanning Radiometer), MODIS), of the AOD in the core of similar dust plumes coming out of Sahara in March 2006 (part of the GLOBAEROSOL project, see www.globaerosol.info/project_description/publications.htm; user_report), showed that the retrieved AOD varied by up to 30%.
[59] In the case of desert dust aerosol and the model capability to simulate fine-and coarse-mode AOD, it has to be noted that the system assimilates total AOD and cannot influence separately the coarse and fine particles. If the DIRECT simulation underestimates total AOD, the analysis reacts by increasing the mass of both fine-and coarse-mode aerosols, resulting in an overestimation of the coarse mode, as illustrated in Figure 20 . The assimilation of fine-mode AOD could help to improve this point. A refinement of the dust source function could be envisaged as well. The inclusion of gustiness [Engelstaedter and Washington, 2007] was already tested with improved agreements with surface observations at dust dominated sites [Morcrette et al., 2008] and might be included in a future aerosol model version.
[60] Concerning the comparisons of model total AOD at 550 and 865 nm at Lille, Dunkerque and Toulon with POLDER-2 fine-mode AOD at these wavelengths (Figure 9) , it is important to recall that the GEMS aerosol model does not directly simulate fine-mode AOD. Although model finemode AOD can be approximated as a sum of the partial BC, OM, and SU AODs, there are no model fine fraction AODs for desert dust and sea salt what could be problematic if desert dust or sea salt was present. On the other side, please note that the purpose of this comparison is to trace the effect of the assimilation procedure. Further on, the analysis is completed by the comparison of total model AOD against total AERONET AOD in Figure 10 .
[61] Furthermore, the representativeness of the individual observation stations and the selection of sites is critical. Given that a model value is representative of a grid cell of the coarse horizontal resolution of the model, a strong local aerosol source at a certain station can distort the comparison when not accounted for. However, it is interesting to note that for the Dunkerque site, which is attributed to a strong local source of industrial and urban pollution, the performance of the model was only slightly improved after assimilation of MODIS AOD. Regarding the PM comparisons of this study, the aerosol concentration at the ground level at the PM measurement site may differ from the concentration at elevated layers in non-well-mixed atmospheres, in addition to the issue of representativeness of the site to the true spatial aerosol distribution. However, the sampling sites, whose data are used for the PM analysis, are located in densely populated and industrial areas that provide the main emission sources of anthropogenic aerosols, and the model and observed AOD agree reasonably well. The aerosol model species and size bins can generally be combined to reconstruct approximate PM2.5 concentrations, which in case of agreement with observations provide confidence that the model contains useful information on the aerosol composition at the surface level.
[62] For the assimilation system it is a demanding test to be compared with surface aerosol species concentrations, since the evaluation is looking into a surface mass concentration, while total aerosol optical depth is used to correct aerosol column loads. Any error in aerosol composition, optical aerosol model and vertical distribution will be amplified. Whereas sea salt and desert dust aerosol predictions are based on physical process parameterization, organic matter, black carbon and sulfate aerosols are predicted based on annual, monthly, or 8 day mean emission data. The discrepancies shown in this study between observed and modeled PM2.5 concentrations can result from an overestimation of the emitted mass, inadequate emission inventories, in the case of SO 4 too efficient and rapid conversion of SO 2 to SO 4 and too weak dry deposition, or discrepancies in the aerosol vertical profile.
[63] Ceb2010 investigated the performance of the GEMS aerosol model with respect to surface mass concentrations. They found that the assimilation of MODIS AOD does not improve significantly the simulation of the mass concentrations of the individual species, however, the correlations between model and observations are mostly statistically significant. More high-quality chemical observations of longer time periods would help to facilitate such an evaluation.
[64] With respect to the aerosol vertical distribution of wild fire aerosol in the model, it is necessary to recall that only total column AOD is assimilated with no information on the vertical distribution of aerosols entering the assimilation system. Although the assimilation can correct in a limited way, the initialization of the emissions at the right heights is essential for the simulation of transport and dispersion. In particular, a higher resolution in both space and time for the emission of fire-related particles would be beneficial. The SEVIRI fire radiative product [Kaiser et al., 2009 ] fulfills this requirement and its use, together with that of a forest fire injection height, is planned for a future aerosol model version.
Summary and Conclusions
[65] This study presents the evaluation of the GEMS aerosol assimilation and forecast system by means of case studies. It complements the work of Benedetti et al. [2009] , Morcrette et al. [2009] and SchulzetalPartIV2010. The GEMS aerosol modeling system is novel as it is the first aerosol model fully coupled to a NWP model with data assimilation. Three specific events were examined: periods of high and low sea salt production, a large Saharan dust event in March 2004, and the summer heat wave in August 2003 in Europe, characterized by forest fire aerosol and conditions of high temperatures and stagnation, favoring photochemistry and secondary aerosol formation.
[66] The aerosol model simulated winter sea salt AOD reasonably well, however, showing a general overestimation. Agreement was better during summer events, when the simulated partial sea salt AOD dominated much less total AOD. Such an agreement suggests that over oceanic regions the natural biogenic sources are masked by overestimated model anthropogenic aerosol species. Sea salt simulation could be improved by refinements in the sea salt source function and wind speed modeling. The inclusion of a contribution by biogenic organic matter in sea spray due to enhanced biological activity in oceanic surface waters, yet unaccounted in the aerosol model, might also have positive effects.
[67] The Saharan dust storm analysis demonstrated that transport and atmospheric dynamics were simulated reasonably well in the model. The horizontal locations of the main features of the aerosol distribution were well captured, as well as the timing of the AOD peaks. At locations close to the dust source regions, the DIRECT simulation underestimated the AOD, especially peaks. This suggests that the model underestimates the emission intensity in the Sahara. The assimilation of MODIS AOD at 550 nm improved significantly model performance, including the AOD peaks, and also AOD predictions for regions without MODIS data for assimilation (bright desert surfaces). Compared to AOD retrieved from SEVIRI, the DIRECT version showed a distinct underestimation. This low bias was reduced, but still present, in the ASSIM version, both at low and high AOD values. The assimilation had little impact on correcting the DIRECT version in terms of the Angström exponent and thus the dust size distribution. The Angström exponent was largely overestimated at Dakar and Capo Verde, but better matched at El Arenosillo, revealing that the fine-mode aerosol is overestimated in the aerosol model.
[68] The aerosol model captured the distinct increase of sulfate mass concentration during the summer heat wave period in 2003 in Europe very well. The linear regression correlation coefficients between modeled and observed sulfate mass concentrations were highly significant in the range of 0.50-0.67. However, the model overestimated significantly the observed sulfate mass concentration.
[69] The Portuguese wild fires of summer 2003 provided the possibility to investigate the aerosol model capability to simulate the spatial transport of the fire plume aerosols. Graphs of POLDER-2 mean fine-mode AOD at 550 nm and the DIRECT and ASSIM simulation results of the mean fine-mode AOD at 550 nm for 5 to 6 August 2003 showed that the simulations agreed reasonably well with the general pattern of areas of elevated fine-mode aerosol observed by POLDER-2, however, missing some decisive elevated AOD areas and both overestimating and underestimating the observations in other areas. The assimilation did not improve the overall pattern significantly. Within the model, only sulfate contributed significantly to the fine-mode AOD in the aerosol plume. OM played a minor part and BC only a marginal one, although in a smoke plume these species should be stronger represented.
[70] The correlation coefficient for simulated (ASSIM version) against measured PM2.5 was 0.71 for the period end of July until mid-August 2003 and for the three sites Lille, Dunkerque/Calais and Toulon/Marseille. This good correlation is encouraging considering the low spatial resolution of the model and the local character of PM measurements. The correlation coefficient degraded for measured AOD against measured PM2.5 (r = 0.47), and it degraded even stronger for the comparison of modeled AOD against measured PM2.5 (r = 0.40).
[71] With respect to the total AOD predictions during the summer heat wave period, the aerosol model matched well the observed overall AOD level and the day-to-day variability at the investigated sites, although the model missed or underestimated some peaks. With the assimilation the total AOD peaks were better matched, due to increased sulfate AOD, consistent with increased sulfate PM2.5 mass. The correlation coefficients for the sites ranged from 0.70 to 0.86.
[72] The assimilation of MODIS AOD data improved the subsequent aerosol predictions when compared with observations, in particular concerning the correlation and AOD peak values. The assimilation was less effective in correcting a positive (PM2.5, sulfate mass concentration, Angström exponent) or negative (desert dust plume AOD) model bias. The development of a successful aerosol analysis was therefore fundamental to the quality of the subsequent aerosol forecast, and thus also to the provision of boundary conditions for regional air quality models. This study further demonstrated the importance of combining model and observations for an accurate evaluation and monitoring of (anthropogenic) aerosol impacts.
[73] There is obviously room for improvements, in particular more up-to-date emission inventories and a better characterization of the sources of (anthropogenic) aerosols, including primary biogenic organic and secondary organic aerosol prediction. Furthermore, the vertical distribution of the (anthropogenic) aerosols could be improved via a plume model, the assimilation of vertical profiles of the extinction coefficient (using ground-based or spaceborne lidar data), and the introduction of the injection height for smoke aerosols (SEVIRI Fire Radiation Power product). In addition, the inclusion of stratospheric aerosol, a more detailed sulfate chemistry scheme, and an assimilation of fine-mode AOD might prove useful. However, global operational numerical weather prediction models cannot readily implement the chemical complexity of regional models or specific chemical transport models, and thus case studies are challenging for such a global resolution model. GEMS will be continued within the European Commission's FP7 project MACC (Monitoring Atmospheric Composition and Climate, www.gmes-atmosphere.eu).
